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Sulfur minerals originating from coal mining represent an important environmental 20 
problem. Turning these wastes into value-added by-products can be an interesting 21 
alternative. Biotransformation of coal tailings into iron-containing nanoparticles using 22 
Rhodococcus erythropolis ATCC 4277 free-cells was studied. The influence of culture 23 
conditions (stirring rate, biomass concentration and coal tailings ratio) in the particle size 24 
was investigated using a 23 full factorial design. Statistical analysis revealed that higher 25 
concentrations of biomass produced larger sized particles. Conversely, a more intense 26 
stirring rate of the culture medium and a higher coal tailings ratio (% w/w) led to the 27 
synthesis of smaller particles. Thus, the culture conditions that produced smaller particles 28 
(<50 nm) were 0.5 abs of normalized biomass concentration, 150 rpm of stirring rate and 29 
2.5% w/w of coal tailings ratio. Composition analyzes showed that the biosynthesized 30 
nanoparticles are formed by iron sulfate. Conversion ratio of the coal tailings into iron-31 
containing nanoparticles reached 19%. The proposed biosynthesis process, using R. 32 
erythropolis ATCC 4277 free-cells, seems to be a new and environmental-friendly 33 
alternative for sulfur minerals reuse. 34 
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Mineral coal is a complex and varied blend of organic components. Its quality, 39 
determined by the carbon content, varies according to the type and stage of the organic 40 
components. In terms of participation in the worldwide energy matrix, coal is currently 41 
responsible for about 7.9% of all energy consumption and 39.1% of all electricity 42 
generated (IEA 2017). Moreover, its share in global primary energy production, which 43 
considers other uses than electric power generation, is 26%. It is projected that this ore 44 
will maintain a similar percentage in the next 30 years, despite the increasing use and 45 
development of renewable sources such as solar, wind and biomass energy (IEA 2017). 46 
The solid residues generated during the cleaning and extraction processes are 47 
responsible for the main environmental impacts associated with the coal processing 48 
(Evangelou 1995; Oliveira et al. 2016). In the European Union, mining and quarrying 49 
contribute with 727 million tons of waste, representing 28.3% of the total amount of it 50 
(EUROSTAT, 2018). Some of these residues are inert and therefore are not likely to have 51 
a significant impact on the environment. However, other fractions, especially tailings 52 
from the processing of sulfide minerals such as pyrite (FeS2), may cause environmental 53 
and ecological risks due to their oxidation tendency in the presence of water or air. The 54 
presence of sulfur compounds favors the occurrence of metal acid leaching, which 55 
contaminates water with bioaccumulative metals, rendering it unsuitable for domestic and 56 
agricultural use (Klein et al. 1993; Evangelou 1995). 57 
Traditional metal recovery processes from tailings are known as pyrometallurgy 58 
and hydrometallurgy. Pyrometallurgy is the most widely used method, where the 59 
extraction and refining of metals occurs through chemical reactions carried out at high 60 
temperatures (above 400 °C). Burning is the most common process to dispose of organic 61 
materials present in coal tailings. Fusion of a crude metal concentrate generates impure 62 
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metal alloys, which can be refined electrolytically. However, this method requires large 63 
amounts of energy and can form uncontrolled harmful products, while only achieving a 64 
partial separation of the metals (Guo et al. 2009). In the hydrometallurgical process, the 65 
metals are recovered using acidic and basic solutions to dissolve the solid material with 66 
subsequent precipitation of the dissolved metals. Thus, hydrometallurgy may have 67 
environmental impacts due to the presence of heavy metals in liquid effluents and the low 68 
chemical stability of the solid waste generated (Xie et al. 2015). Recently, some 69 
environmentally friendly processes have been studied to replace traditional 70 
recycling/recovering processes. One of these possible alternatives is biomining, which is 71 
a generic term to describe technologies that use biological systems (mostly prokaryotic 72 
microorganisms) to facilitate the extraction and recovery of metals present in ores or 73 
wastes (Johnson 2014). High energy costs and the growing movement towards 74 
sustainable mining have contributed significantly to the appeal of biomining, since the 75 
processes involved in this technology are often of lower costs, simpler and easier to 76 
operate compared to conventional extractive processes (Brierley and Brierley 2013). 77 
Several studies show that the bacteria Actinobacter sp. (Bharde et al. 2005), 78 
Aquaspirillum magnetotacticum (Narayanan and Sakthivel 2010), Geobacter 79 
metallireducens GS-15 (Lovley et al. 1993), Magnetospirillum magnetotacticum (Lee et 80 
al. 2004), M. gryphiswaldense (Lang and Schüler 2006), Thermoanaerobacter 81 
ethanolicus TOR-39 (Roh et al. 2002) are able to recovery iron from tailings and to 82 
synthesize them into iron NPs. To the best of our knowledge, the bacterium Rhodococcus 83 
erythropolis has been slightly used in biomining (Maass et al. 2019).  84 
Rhodococcus sp. has remarkable characteristics such as broad catabolic diversity, 85 
unique enzymatic capabilities, and the ability to adapt under extreme conditions 86 
(Todescato et al. 2017). However, the most interesting feature in this case is its 87 
5 
 
desulfurizing capacity. Recently, this strain has been used in the biodesulfurization of 88 
fossil fuels (Bachmann et al. 2014). Since Rhodococcus sp. is able to produce sulfate 89 
reductase enzymes and to promote the sulfur separation of recalcitrant compounds (Gupta 90 
et al. 2005), this strain can be useful in the biomining of iron from sulfur minerals. 91 
Usually, sulfur minerals are used in the production of sulfuric acid. Emerging 92 
technologies have sought to obtain other by-products from pyrite such as coagulants, 93 
pigments, magnetite and ferrous sulfate (Oliveira et al. 2016). Some authors studied the 94 
use of pyrite as raw material in cement production (Alp et al. 2009) and as catalyst in 95 
electro-Fenton process (Labiadh et al. 2015; Barhoumi et al. 2016). Sulfur minerals have 96 
also been used as adsorbents for toxic metals, mainly due to their unusual surface 97 
properties that provides the adsorption of metal ions in a very similar form to those 98 
obtained in the oxides surface (Borah and Senapati 2006; Peng et al. 2017; Boente et al. 99 
2018). However, the use of sulfur minerals as a precursor in the biomining of iron and in 100 
the biosynthesis of iron-containing nanoparticles (NPs) has been slightly explored (Maass 101 
et al. 2019). 102 
Nanoscale iron particles represent a new generation of environmental remediation 103 
technologies that can provide low-cost solutions to some of the most challenging 104 
environmental cleanup problems. Iron NPs have large surface areas and high surface 105 
reactivity (Zhang 2003; Choi et al. 2018). They also offer tremendous flexibility for in 106 
situ applications such as the recovery of precious metals from mining industry waste and 107 
metal leachate in the areas of bioremediation, biomineralization, bioleaching, bio-108 
corrosion and as catalysts in various chemical reactions (Narayanan and Sakthivel 2010; 109 
Krishnamurthy et al. 2014). Some iron NPs can be coated with different surface 110 
modifying agents to better control their reactivity and mobility; they may be 111 
functionalized specifically to capture some types of molecules, or they might be 112 
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supported on other materials to reduce their losses and prevent possible contamination 113 
(Gong et al. 2017; Peng et al. 2017). 114 
Based on the above-mentioned aspects, this work evaluates the synthesis of iron-115 
containing NPs from coal tailings by Rhodococcus erythropolis ATCC 4277 free-cells. 116 
The effects of culture conditions on the particle size was studied through a full factorial 117 
design (FFD). The NPs were characterized by transmission electron microscopy, energy 118 
dispersive spectroscopy, Fourier transform infrared spectroscopy, X-ray diffraction and 119 
Mössbauer spectroscopy. 120 
 121 
Material and methods 122 
Coal tailings 123 
Rio Deserto Mining Company Ltd. (Criciúma, Brazil) kindly provided the coal 124 
tailings. The coal tailings was a sulfur mineral that came from a coal tailing pile. The 125 
sulfur mineral was milled, sieved and used in the granulometry range of 100-200 mesh. 126 
 127 
Microorganism 128 
The bacteria Rhodococcus erythropolis ATCC 4277 used in this study was acquired 129 
from the Tropical Culture Collection (CCT) of the “André Tosello” Research & 130 
Technology Foundation (Campinas, Brazil). As per supplier recommendation, the cells 131 
were maintained at 4 ºC on Petri dishes with solid Streptomyces medium (SM) containing 132 
4.0 g.L−1 of yeast extract, 10.0 g.L−1 of malt extract, 4.0 g.L−1 of glucose, 2.0 g.L−1 of 133 





The pre-culture of R. erythropolis ATCC 4277 was prepared by transferring a loopful 137 
of culture from a Petri dish to flasks containing 100 mL of a sterilized nutrient medium 138 
with the following composition: 6.15 g.L−1 of yeast extract, 5.0 g.L−1 of malt extract, 2.0 139 
g.L−1 of glucose, and 1.16 g.L−1 of calcium carbonate (Todescato et al. 2017). Afterwards, 140 
it was incubated for 24 h at 180 rpm and 24 ºC. 141 
 142 
Biomining of iron-containing nanoparticles 143 
The biomining of iron-containing nanoparticles was studied by modifying the sulfur 144 
mineral concentration as well as the cultivation conditions. Full factorial design (FFD) 145 
permits the identification of the culture conditions that present a significant influence in 146 
the particle size. Therefore, a 23 FFD was realized using fraction of sulfur mineral, stirring 147 
rate, and biomass concentration as independent variables (Table 1). Statistical analysis of 148 
the FFD was carried out using a dedicated software (Statistica® 7.0). To estimate the 149 
effects, a significance level (α) of 5% was considered. 150 
Each experiment was carried out at 30 ºC in 250 mL Erlenmeyer flasks with 100 mL 151 
of the same nutrient medium used in the pre-culture for 72 h. The pH of the medium was 152 
adjusted to 7.0 prior to sterilization at 121 ºC for 15 min. The pre-culture, which was 153 
previously standardized by adjusting its absorbance at 600 nm to 0.8, 0.5 or 0.2, was 154 
added to the culture medium in a concentration of 5% (v/v). Control tests were performed 155 
with the same nutrient medium described above, but without R. erythropolis cells. The 156 
broth medium was lyophilized for 48 h using a freeze dryer (Liotop L101, Liobras). 157 
 158 
Characterization of iron-containing nanoparticles 159 
Dynamic light scattering (DLS, NANO-flex, Microtrac S3000/S3500, Particle Metrix) 160 
was used to measure the size distribution of the iron-containing NPs. The stability of iron-161 
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containing NPs was determined by zeta potential analysis (Stabino Control 2.00.23, 162 
Particle Metrix). The transmission electron microscopy (TEM) analysis was carried out 163 
at an accelerating voltage of 100 kV for low-resolution imaging (JEM-1011, JEOL), after 164 
submit the lyophilized samples to sonication for 30 min and drop it into a carbon-coated 165 
TEM grid. The samples for energy dispersive spectroscopy (EDS) analysis were coated 166 
on a double-sided carbon tape attached to the grid surface. EDS was accomplished 167 
coupled to a scanning electron microscope (SEM) (TM3030, Hitachi). The Fourier 168 
transform infrared spectroscopy (Prestige-21 FTIR, Shimadzu) analysis were carried out 169 
with a diffuse reflectance mode attachment (DRS-8400) and using a wavenumber range 170 
of 400 - 4,000 cm-1 at a resolution of 4 cm-1.  X-ray diffraction (XRD) measurements was 171 
used to identify the crystalline phase of the iron-containing NPs (XRD 6000, Shimadzu). 172 
The lyophilized samples were top loaded into 2.5 cm diameter circular cavity holders and 173 
run on θ/θ geometry. The diffraction pattern was recorded between 20º and 80º (2θ) with 174 
the diffractometer operating at a voltage of 20 kV and a current of 25 mA with CuKα (λ= 175 
1,5406 Å) radiation. Chemical composition of coal tailings before and after the 176 
biosynthesis was identified by energy-dispersive x-ray spectrometry (EDX-7000, 177 
Shimadzu) with an attached silicon drift detector (SDD). 57Fe Mössbauer spectroscopy 178 
was accomplished to determine the hyperfine analysis. The discrete Gaussian lines were 179 
adjusted for each hyperfine site in order to obtaining isomeric displacement values related 180 
to the pure metallic iron. Measurements were carried out using a standard spectrometer 181 
at room temperature, with 57Co radioactive source dissolved in Rh matrix.  182 
 183 
Results 184 
Biomining capacity of Rhodococcus erythropolis 185 
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Extensive literature review revealed that rhodococci has been slightly explored to 186 
biomining processes and to the synthesis of metal NPs (Kundu et al. 2014; Maass et al. 187 
2019). The biomining of iron from coal tailings by the bacterium R. erythropolis ATCC 188 
4277 was studied under different culture conditions. Apparently, R. erythropolis ATCC 189 
4277 free-cells were capable not just to recovery the iron from coal tailings (sulfur 190 
mineral), but also to transform it into iron NPs. TEM analysis of the samples after 191 
biomining showed the presence of particles smaller than 50 nm (Fig. 1a). This result 192 
confirms the DLS analysis, where particles smaller than 50 nm were also determined.  193 
Although R. erythropolis ATCC 4277 was capable to recovery a fraction of the iron 194 
present in the coal tailings, it was observed that the recovery could be higher. One of the 195 
factors that may have influenced the biomining capacity of R. erythropolis ATCC 4277 196 
was cell non-viability. TEM analyzes revealed that the bacteria cells were biogranulated 197 
(Fig. 1b). Biogranulation occurs when electrostatic repulsion is overcome by van der 198 
Waals forces or hydrophobic interactions (De Carvalho et al. 2009).  199 
 200 
Insert Fig. 1 201 
 202 
Influence of culture conditions on sulfur mineral biomining 203 
The rate and efficiency of metal sulfides biomining depends greatly on 204 
physicochemical, microbiological, and mineralogical factors (Mahmoud et al. 2017). A 205 
FFD (23) was accomplished to evaluate the influence of sulfur mineral fraction, stirring 206 
rate, and biomass concentration on biomining capacity and nanoparticle formation. The 207 
particle sizes obtained for each run are presented in Table 1. Nanometric particles 208 
(<100 nm) were reached in the runs 2, 9 and 10. According to FFD results, the best 209 
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conditions for iron-containing NPs formation were 2.5 %(w/w) of coal tailings, 150 rpm 210 
of stirring rate and 0.5 abs of normalized biomass.  211 
 212 
Insert Table 1 213 
 214 
The factors were statistically analyzed using a significance level (α) of 5%. Table 2 215 
and Table 3 present the results of analysis of variance (ANOVA) and the effects 216 
estimated, respectively. The most prominent effect on the particle size was related to 217 
biomass concentration (2) although all factors were found to be statistically significant. 218 
ANOVA was also used to evaluate the predictive capacity of the model generated. In 219 
the Fig. 2 are presented the predicted versus observed values, where it is possible to 220 
observe that predicted points are slightly offset from the straight line. This means that the 221 
explained variance was 69.23% for a maximum explainable variation of 95%.  222 
 223 
Insert Table 2 224 
Insert Table 3 225 
Insert Fig. 2 226 
 227 
Characterization of biosynthesized iron-containing nanoparticles 228 
In order to verify the chemical composition of the NPs synthesized, several analyses 229 
such as EDS-SEM, EDX, FTIR, XRD, TEM and Mössbauer were accomplished. These 230 
characterization analyses were performed with samples obtained using the best culture 231 
conditions for iron NPs formation (Table 1).  232 
EDX was used to determine the chemical composition of the sulfur mineral before and 233 
after biomining process (Table 4). The presence of S and Fe in a very expressive quantity 234 
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can be associated with the presence of sulfur minerals, which are the base of pyritic 235 
residues. Pure pyrite (FeS2) has a theoretical iron content of 46.5 wt%, so it is possible to 236 
notice that the concentration of Fe in the coal tailings before (17.98 wt%) and after the 237 
biosynthesis (11.83 wt%) is lower than the theoretical content, which indicates that the 238 
coal tailings used in this work is composed of other materials than just pyrite. EDX 239 
analysis also showed that P element was decreased from 0.826 to 0.091 (wt %) after 240 
biomining process (see Table 4).  241 
Insert Table 4 242 
 243 
The chemical composition of coal tailings before and after biomining process became 244 
clearer with the results of XRD analyses, as shown in the Fig. 3. Before biomining 245 
process, the coal tailings was formed by rhomboclase (FeH(SO4)2.4H2O) (JCPDS 00-246 
027-0245). Conversely, XRD analysis of the sulfur mineral after biomining (Fig. 3 (b)) 247 
indicated the presence of potassium aluminum silicate (JCPDS 32-0731), calcium oxide 248 
(JCPDS 37-1497) and lithium chloride nitride (JCPDS 24-0605).  249 
Insert Fig. 3 250 
 251 
FTIR spectra of the coal tailings before being submitted to biomining are presented 252 
in Fig. 4. The small peaks at 490, 590 and 671 cm-1 are characteristic of S-S bonds, 253 
generally associated with iron disulfides (Coates 2006; Oliveira et al. 2016).  The peak at 254 
1000 cm-1 can be attributed to M-OH type bonds, where M is a transition metal. Bands in 255 
the range of 900 to 1200 cm-1 (1000, 1065, 1142 and 1232 cm-1) indicate the presence of 256 
iron sulfates (Majzlan et al. 2011). The strong and wide band centered at 3448 cm-1 and 257 
the peak at 1620 cm-1 are attributed to moisture (Majzlan et al. 2011). The results of FTIR 258 
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analysis corroborate what was determined by XRD, i.e., that the material is in part formed 259 
by rhomboclase and part by iron disulfides. 260 
In FTIR analysis of the sulfur mineral after biomining process, the following 261 
transmission peaks were obtained: 603, 1120, 1199, 1633, 2075 and 3448 cm-1 (see Fig. 262 
4). Generally, the peak at 603 cm-1 is associated with iron disulfides since is characteristic 263 
of S-S bonds  (Coates 2006; Oliveira et al. 2016). The presence of iron sulfate is indicated 264 
by bands at 1120 and 1199 cm-1 (Majzlan et al. 2011), and the moisture, i.e. O-OH type 265 
bonds, is indicated by the presence of peaks at 1633 and 3448 cm-1.  266 
 267 
Insert Fig. 4 268 
 269 
In order to define the NPs composition and the iron oxidation state, Mössbauer 270 
spectroscopy and SEM-EDS analyses were performed. Mössbauer parameters of the coal 271 
tailings (sulfur mineral) after biomining are listed in Table 5. Mössbauer spectroscopy 272 
showed the presence of two phases: phase (1) is compatible with pyrite (FeS2) and phase 273 
(2) is associated with Fe2+. The high values found for Δ and δ parameters of phase (2) are 274 
compatible with ferrous sulfate (Fe2SO4.nH2O). Authors such as Wynter et al. (2004) and 275 
Ferrow et al. (2005) also found similar values when analyzing samples of pyrite and 276 
ferrous sulfate (See Table 5). The relative area shows that there was 81 wt% of phase (1) 277 
and 19 wt% of phase (2) after the biomining (Table 5), demonstrating that only a part of 278 
the rhomboclase was transformed. 279 
 280 




As shown in Fig. 5, chemical elements with the most abundant presence in the NPs 283 
are sulfur, iron and oxygen. The semiquantitative mass percentage was 64% oxygen, 19% 284 
sulfur and 15% iron (see Fig. 5b), indicating that the NPs composition really approaches 285 
to ferrous sulfate (Fe2SO4).  286 
Insert Fig. 5 287 
 288 
Discussion 289 
The bacterium, Acidithiobacillus ferrooxidans, and the related species At. ferridurans 290 
and At. ferrivorans, have a remarkable ability of oxidize ferrous iron, elemental sulfur 291 
and various reduced forms of sulfur, to generate both ferric iron (the main oxidant of 292 
sulfide minerals) and sulfuric acid (Barrie Johnson and Hallberg 2008; Johnson 2014). 293 
Thus, Acidithiobacillus sp. has been widely used in metal biomining process. 294 
Actinobacter sp. (Bharde et al. 2005), Aquaspirillum magnetotacticum (Narayanan and 295 
Sakthivel 2010), Magnetospirillum magnetotacticum (Lee et al. 2004), Magnetospirillum 296 
magnetotacticum (Bazylinski and Frankel 2004) are able to synthesize magnetite (Fe3O4) 297 
NPs with sizes ranging between 10-120 nm.  298 
Although Rhodococcus sp. is also able to promote the sulfur separation of recalcitrant 299 
compounds through sulfate reductase enzymes, the genus rhodococci has been poorly 300 
explored in this type of bioprocess.  To the best of our knowledge, only one previous 301 
work studied the biomining capacity of R. erythropolis (Maass et al. 2019), and just one 302 
study about its ability to synthesized metal NPs (Kundu et al. 2014). The bacterium R. 303 
erythropolis ATCC 4277 was found to be able to recovery iron from coal tailings and to 304 
transform it into ferrous sulfate nanoparticles. The biotransformation of coal tailings into 305 
high added-value nanoparticles represents a promising alternative for the sustainability 306 
of coal mining and for treatment of coal tailings. 307 
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The best conditions for the sulfate iron NPs formation were defined through a FFD. 308 
Statistical analyses revealed that normalized biomass concentration had a negative effect 309 
in the NPs production, and the other two factors studied, i.e. coal tailings fraction and 310 
stirring rate, had a positive effect. Biomass concentration plays an important role in the 311 
synthesis of NPs and in the biomining rate. The negative effect of biomass concentration 312 
was also observed in the works of Almeida et al. (2017), Birla et al. (2013) and Husseiny 313 
et al. (2015). Apparently, a large quantity of cells it is not necessary to obtain the amount 314 
of enzymes needed. Moreover, higher concentrations of biomass may decrease the pH of 315 
the reaction medium and directly affect both the production and the action of the reducing 316 
enzymes, making the produced NPs more susceptible to agglomeration due to their 317 
instability (Almeida et al. 2017). 318 
As it is possible to observe in Table 3, the stirring rate had a positive effect on the 319 
formation of nanoparticles. According to Mahmoud et al. (2017), an efficient stirring 320 
system is required to provide adequate oxygen supplies to the microorganisms, to enhance 321 
the gas transfer rates, to obtain a high degree of homogeneity of the gas/liquid/solids 322 
system, and to maximizing the volumetric gas mass transfer coefficient. The oxygen is a 323 
limiting factor that is responsible for slowing down the microbial growth rate and 324 
ultimately the biomining rate since it is used for the oxidation of the sulfide mineral 325 
(Mahmoud et al. 2017). The positive effect of stirring rate can also be explained by the 326 
preferentially aerobic catabolism of the R. erythropolis. Several authors discuss the 327 
metabolic pathway that promotes the production of sulfide reductase enzymes, 328 
demonstrating that it is performed only in the presence of oxygen (Aggarwal et al. 2012; 329 
Todescato et al. 2017). Thus, greater stirring rate may increase the concentration of 330 
dissolved oxygen in the reaction medium. Moreover, the sulfur mineral tailings tend to 331 
be at the bottom of the reaction flask because they have a specific mass (5.02 g/cm3) 332 
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higher than that of water. Thus, higher stirring rate could favors the contact between the 333 
biomass and the sulfur mineral and improve the possibility of NPs formation. 334 
The increase in coal tailings concentration leads to smaller particle sizes (see Table 3). 335 
Some researchers explain that the positive effect of FeS2 concentration is due to its ability 336 
to induce the release of the sulfate reductase enzyme by microorganisms, which may 337 
reduce the metals present in the substrate for NPs. As more substrate molecules (FeS2) 338 
are delivered to the medium, the enzyme secretion by the microorganisms can increase 339 
proportionally to a threshold concentration, which, in this case, has not been observed 340 
(Birla et al. 2013; Husseiny et al. 2015; Almeida et al. 2017). 341 
Chemical characterization of the coal tailings before being submitted to biomining 342 
process showed that this residue is basically composed by pyrite (FeS2) and rhomboclase 343 
(FeH(SO4)2.4H2O). Rhomboclase has a typically post-mining origin, being formed by a 344 
pyrite alteration, especially in an arid climate (Webmineral, 2018). EDX analysis also 345 
pointed the presence of carbon in the coal tailings (see Table 4). Although the residues 346 
from mineral coal extraction are essentially inorganic, the presence of coal remains can 347 
occur. This would explain the high amount of carbon in the pyrite tailings prior to 348 
biosynthesis. The decreasing on the P element concentration (wt %) after biomining 349 
process can be attributed to the formation of new bacteria cells, i.e., the P was consumed 350 
from the coal tailings to form the cell wall of new R. erythropolis cells. According to de 351 
Carvalho et al. (2014), one of the most important characteristics of Rhodococcus genus 352 
cell wall is the presence of a phospholipid profile containing diphosphatidylglycerol, 353 
phosphatidylethanolamine, phosphatidylinositol, and phosphatidylinositol mannosides. 354 
The coal tailings clearly suffered a chemical alteration after being submitted to 355 
biomining process. Chemical analyses indicated that part of the residue remained as pyrite 356 
and about 19% was transformed into ferrous sulfate (Fe2SO4). Only in XRD analysis was 357 
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not possible to identify these compounds. The presence of those compounds could be 358 
originated from the culture medium or impurities present in the coal tailings. A poor 359 
degree of crystallization and nanometric particle sizes may have impaired the 360 
identification of the iron-containing NPs by XRD (Ferrow et al. 2005).  361 
As described above, about 19% of the coal tailings was transformed into ferrous 362 
sulfate. The biomining capacity of R. erythropolis ATCC 4277 may have been impaired 363 
by cell non-viability. De Carvalho et al. (2009) affirm that growth under nutritional 364 
deprivation conditions may increase cellular hydrophobicity, which acts as an ignition 365 
force for a cell-cell junction or biogranulation. Furthermore, the resistance of this 366 
bacterium decreases with the increasing of the system toxicity, thus, making it impossible 367 
for cells to remain viable under severe conditions (De Carvalho and Da Fonseca 2004; 368 
De Carvalho et al. 2005). 369 
Maass et al. (2019) described the biochemical mechanism behind iron NPs formation 370 
based on the Kundu et al. (2014), since the precursor used in both works are similar 371 
(FeH(SO4)2.4H2O and Zn4(SO4)(OH)6.0.5H2O, respectively). Although the biochemical 372 
mechanism behind the NPs formation is beyond the scope of this work, it is possible to 373 
propose a mechanism based on the works above mentioned. Thus, the formation of NPs 374 
may occur following the reaction (1). The synthesis of H2SO4 can be corroborated by the 375 
pH decreasing of the culture medium, since the pH went of 7.0 to 4.0 (data not shown) at 376 
the end of biomining process. However, the biochemical mechanism needs further 377 
investigation. 378 
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